Abstract. adriamycin (adM) is a drug used in the treatment of various types of cancer and exerts an antineoplastic effect mainly through the induction of apoptosis. Phosphoinositide 3 kinase (Pi3K)/akt and MaPK are fundamental survival pathways activated by exposure to most chemotherapeutical agents. However, the role of these pathways in the adM-induced apoptosis of leukemia cells remains unclear. in the present study, adM triggered dose-dependent cytotoxicity and resulted in a significant loss of cell viability in HL-60 cells. Moreover, treatment with ADM significantly reduced mitochondrial membrane potential (ΔΨ m ) in the cells. akt and erK activation was also detected, and the inhibition of these two pathways resulted in the enhancement of adM-induced apoptosis. These results indicate that the Pi3K/akt and erK survival pathways antagonize the chemotherapeutic effect of adM. Thus, inhibiting these pathways may serve to enhance the effect of adM.
Introduction
The anthracycline antitumor agent adriamycin (adM) is one of the most effective drugs currently available for the treatment of various human neoplastic diseases, including leukemia, lymphomas, sarcomas and breast cancer (1) (2) (3) (4) . Several mechanisms have been proposed for the antitumor effects of adM, including dna intercalation, free radical formation with induction of dna damage, inhibition of topoisomerase ii and activation of apoptosis-related signaling pathways (5) (6) (7) (8) (9) . However, certain leukemia cells still exhibit insensitivity or resistance to adM, which results in therapy failure and tumor relapse. Hence, it is important to reveal the resistance mechanisms of these cells.
it has been reported that adM resistance in solid tumors results not only from the inactivation of apoptotic pathways, but also from the over-activation of survival signals (10, 11) . The phosphoinositide 3 kinase (Pi3K)/akt pathway is probably the best characterized and most prominent pathway with regard to the transmission of anti-apoptotic signals in cell survival, and is activated by exposure to most chemotherapeutic agents, including adM and etoposide (12, 13) , in gastric and breast cancer (14) (15) (16) . The MeK/erK1/2 pathway is also known to play a fundamental role in survival, proliferation and apoptosis (17) , indicating that the Pi3K/akt and MeK/ erK pathways have an antagonistic effect on adM-induced leukemia cell apoptosis.
in the present study, we explored the effects of adM on Hl-60 cell viability and apoptosis, and investigated the regulation and function of the Pi3K/akt and erK signaling pathways in adM-induced apoptosis in Hl-60 cell lines. The results provide new data regarding how to overcome the resistance of leukemia cells to adM.
Materials and methods
Materials and antibodies. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulphoxide (DMSO) and the specific PI3K inhibitor LY294002 and MeK/erK inhibitor Pd98059 were from Sigma (St. louis, Mo, uSa). antibody against cbl-b was from Santa cruz Biotechnology (Santa Cruz, CA, USA). Antibodies specific to akt and phospho-akt (p-akt) were from cell Signaling Technology (danvers, Ma, uSa). anti-erK and perK anti-tubulin monoclonal antibody was from Bd Biosciences Pharmingen (San Jose, ca, uSa).
Cell culture. The rat basophilic leukemia cell lines were grown in Dulbecco's modified Eagle's medium (DMEM; Sigma) containing 10% heat-inactivated fetal calf serum (FcS) in a 37˚C humidified inbubator with a mixture of 95% air and 5% co 2 . The cell line was passaged once a week. The cells used in the experiment were obtained from passages 3-7, inoculated in 24-well plates (nunc, roskilde, denmark) at 5x10 4 cells/well and grown to 85% confluence in DMEM (DMEM/F12; Sigma) supplemented as above. during the experiments, the cells were detached with 0.05% trypsin/0.02% edTa (Sigma).
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MTT assay. The effects of different agents on cell proliferation were measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously. Briefly, cells were seeded at 1x10 4 cells/ well in 96-well plates and incubated overnight. different concentrations of the test agent were then added and incubation was continued for 24 h. Thereafter, 20 µl of MTT solution (5 mg/ml) was added to each well and the cells were incubated for a further 4 h at 37˚C. After removal of the culture medium, the cells were lysed in 150 µl of dMSo and the optical density (od) was measured at 570 nm using a microplate reader (Bio-rad, Hercules, ca, uSa). The following formula was used: cell viability = (od of the experimental sample/od of the control group) x 100%.
Western blot analysis. Total cellular proteins were extracted and quantified as previously described. Aliquots (50 µg) of each lysate were electrophoresed on SdS-Page gels and then blotted onto nitrocellulose membranes. The membranes were blocked with 5% nonfat milk in TBST (10 mM Tris-Hcl, pH 7.4, 100 mM nacl, 0.5% Tween-20) for 2 h at room temperature, then incubated overnight at 4˚C in 5% non-fat milk in TBST containing either p-akt, akt, cbl-b, p-erK, erK or tubulin antibodies, followed by a 1-h incubation with the peroxidase-conjugated second antibody. after extensive washing in TBST, proteins were visualized using enhanced chemiluminescence reagent (SuperSignal Western Pico Chemiluminescent Substrate; Pierce, Rockford, IL, USA). The results were analyzed by niH image J software.
Flow cytometry. cells were cultured in the presence or absence of DnR or EPI for the indicated times, then harvested and fixed with ice-cold 70% (v/v) ethanol for 24 h. after centrifugation at 200 x g for 5 min, the cell pellet was washed with PBS (pH 7.4) and resuspended in PBS containing propidium iodide (10 µg/ml) and dnase-free rnase (20 µg/ml). cells were then incubated at room temperature in the dark for 30 min, and DnA content was determined by flow cytometry using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, uSa). data were analyzed using ModiFiT software (Becton dickinson) (20) .
Statistical analysis. data are presented as the means ± standard deviation (SD). The significance of the difference between the groups was assessed by the Student's two-tailed t-test. P-values of <0.05 were considered significant. Means were calculated from at least three independent experiments.
Results

Effects of ADM on HL-60 cell viability and apoptosis.
To investigate the effects of adM on cell viability, Hl-60 cells were treated with the indicated concentrations of adM for 24 h. As confirmed by the MTT assay, ADM triggered dosedependent cytotoxicity and resulted in a significant loss of cell viability (Fig. 1a) . apoptosis was measured after exposure to 1 µM adM for the indicated times. as shown in Fig. 1B , apoptosis was induced in a time-dependent manner. The percentage of apoptotic cells at 24 h was 31%. These results indicate that the influence of ADM on the inhibition of the proliferation of Hl-60 cells in vitro mainly results from apoptotic cell death in a time-dependent manner.
Mitochondrial membrane potential (ΔΨ m ) reduction and caspase-3 activtion during ADM-induced apoptosis. in many systems, apoptosis is associated with the loss of ΔΨ m , which may be regarded as a limiting factor in the apoptotic pathway (18) . To investigate the effect of ΔΨ m in adM-induced apoptosis, cells were stained with DiOC6, a mitochondria-specific and voltage-dependent dye. Treatment of the Hl-60 cells with ADM significantly reduced their ΔΨ m (Fig. 2a) . When exposed to adM and incubated for 12 h, the percentage of apoptotic cells in the samples evidenced a marked increase (47.6%) as compared to the control (5.9%) (Fig. 2a) . it is known that caspase-3 functions during the later steps of the protease cascade, and that the activation of caspase-3 is linked with apoptosis through a mitochondrial function. Therefore, we further examined caspase-3-related apoptotic signals in adM-treated Hl-60 cells. as shown in Fig. 2B , adM resulted in the activation of caspase-3 by Western blot analysis and maximal caspase-3 activation occurred at 16 h. as shown in Fig. 2 , the alteration of ΔΨ m is correlated with that of caspase-3 activation during adM-induced apoptosis. 
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phosphorylation occurred at 8 h, after which the levels of p-akt protein gradually declined and reached basal levels at 16 h. By contrast, the protein levels of total akt were not altered (Fig. 3a) . on the other hand, erK activation was slower than that of akt, reaching the peak value at 16 h. These results indicate that both akt and erK activation may result in resistance to adM (Fig. 3B) .
Effects of PI3K/Akt and ERKs on ADM-induced apoptosis.
To characterize the relative roles of akt and erK on adM-induced apoptosis, two different selective inhibitors (LY294002 for the Pi3K pathway and Pd98059 for the MeK/erK pathway) were used. adM alone did not induce Hl-60 cell apoptosis, while ADM plus the PI3K/Akt inhibitor LY294002 significantly increased apoptosis to 72.1% (Fig. 3c) . notably, cells co-treated with adM and the erK inhibitor exhibited similar synergetic effects (Fig. 3c) . our results strongly suggest that the inactivation of Pi3K/akt may play an important role in adM-induced apoptosis. Therefore, the activation of akt and erK is functionally involved in the negative regulation of adM-induced apoptosis in Hl-60 cells. The successful treatment of acute myeloid leukemia (aMl) is frequently impeded by the development of resistance to a wide spectrum of cytotoxic drugs. Previous studies have shown that adM resistance is a consequence of the failure of leukemic cells to engage apoptosis (19, 20) . apoptosis is an energy-requiring suicide programme that is normally activated in response to cellular damage (21) . The morphological and physiological events of the apoptotic process include the loss of mitochondrial membrane potential, the activation of caspases, ParP cleavage, nuclear dna fragmentation and cellular shrinkage (22, 23) . in this study, we found that the treatment of HL-60 cells with ADM for 12 h significantly reduced their ΔΨ m , while the percentage of apoptotic cells in the samples was markedly increased (47.6%) as compared to the control (5.9%). caspase-3 activation was also detected. These results indicate that adM induced Hl-60 cell apoptosis through mitochondria-mediated pathways.
The Pi3K/akt pathway represents the most relevant survival pathway involved in chemotherapy resistance in solid cancer cells. down-regulation by means of Pi3K inhibitors lowers resistance to various types of therapy in tumor cell lines. in the present study, akt was strongly activated by adM from 8 h. The PI3K specific inhibitor LY294002 significantly enhanced adM-induced apoptosis (Fig. 3c) . These results indicate that the Pi3K/akt survival pathway has an antagonistic effect on the chemosensitivity of cells to adM. Thus, the inhibition of this pathway serves to promote the effect of adM.
The activation of the erK1/2 pathway is normally associated with cell proliferation and survival. However, recent studies have indicated that erK1/2 may exert a dual effect on proliferation. Few studies have focused on the regulation and function of erK1/2 in adM-induced cell death (24) (25) (26) . adM has been determined to induce the activation of erK1/2 in neuroblastoma SKn-SH cells, and erK1/2 activation in the cells appears to play an important role in the enhancement of apoptosis. our study consistently demonstrated that adM-induced apoptosis increased with sustained erK1/2 activation. The suppression of ERK resulted in a significant synergistic effect on apoptosis, such that the degree of apoptosis was much higher than that observed with adM or erK inhibitor (Pd98059) treatment alone.
in conclusion, this study suggests that both akt and erK activation may be associated with the suppression of ADM-induced apoptosis. Our findings elucidate the signal transduction pathways associated with the induction of apoptosis.
